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Hearing with the Third Ear: Dichotic Perception of a

Melody without Monaural Familiarity Cues

Abstract. Julesz has shown that cross-correlations between two patterns that
appear random to either eye alone can give rise to the perception of form and
depth when viewed stereoscopically. We produced auditory analogs by presenting
eight simultaneous and continuous sine waves to both ears and by either phase-
shifting or frequency-shifting one of them relative to its counterpart in the opposite
ear. Particular tones were shifted in sequence such that a melody was heard which

was undetectable by either ear alone.

Julesz (1) has shown that if one
presents a field of random dots to one
eye and the same field to the other eye,
but with a small portion shifted hori-
zontally, a certain area of the percept
appears to stand out in depth. Its con-
tour is the boundary of the shifted por-
tion of dots, and the shift is logically
impossible to detect by one eye alone.
Julesz named this phenomenon cyclo-
pean - perception, after the mythical
beast that looked out at the world
through a single eye in mid-forehead.
With random-dot stereograms it is pos-
sible to bypass, as it were, the periph-
eral visual apparatus and project infor-
mation to the cyclopean eye and onto
“the ‘mind’s retina>—that is, at a place
where the left and right visual path-
ways combine in the visual cortex” (I,
p. 3). Our goal was to devise an audi-
tory analog to the cyclopean percept,
one which for etymological reasons we
call cyclotean (2), in which the periph-
eral auditory apparatus is bypassed and
information is projected onto the
“mind’s cochlea.”

We were provoked into seeking this
goal, in part, by Julesz (/, p. 51) and
Julesz and Hirsh (3), who claim that
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analogies between visual and auditory
perception are not “very deep.” The
basis for their view is that visual per-
ception is primarily concerned with
spatial objects whereas auditory percep-
tion is primarily concerned with tempo-
ral events. The distinction between ob-
jects and events appears to be primarily

founded on the potential richness of

percept in each modality: two spatial
dimensions are possible for a visual
percept, whereas only the one temporal
dimension is available for an auditory
percept. .

In pre-cyclopean days, Huggins and
later Cramer and Huggins (4) demon-
strated that if one presents white noise
to one ear and the same white noise
to the other, but with a narrow band
of frequencies time-delayed, a faint
pitch quality is heard. It sounds like
narrow-band noise, and is logically im-
possible to detect with one ear alone.
Nevertheless, it fails to meet Julesz’
criterion for an auditory object: It is
“pot a truly cyclopean phenomenon
since the input variable is a single time
delay, while the perceived variable is
a single pitch” (I, p. 51). Julesz elabo-
rates by stating that to create a true

analog to the visual phenomenon with
such pitches one would need to gen-
erate a melody. Since a. melody is a
pattern of pitches and varies in both
time and frequency, it is multidimen-
sional and hence an auditory object.
Thus, we decided to produce a cyclo-
tean melody. In order to probe the gen-
erality of auditory analogs we chose
to generate it by two conceptually dis-
tinct methods. The first is a methodo-
logical offshoot of Cramer and Huggins
and is analogous to existing visual
work; the second method, on the other
hand, is wholly new.

In both demonstrations the basic
stimulus consists of eight, simultaneous,
continuous, computer-generated sine
waves whose frequencies were chosen
from the even-tempered scale in the key
of G (5). In both, the tune “Daisy” was
embedded in the tonal arrays as a
cyclotean melody. All stimuli were com-
puted numerically, generated by the
PCM system (6) at Haskins Labora-
tories, and recorded at the same time
on two channels of audio tape.

Our first demonstration begins with
the presentation of the basic stimulus to
both ears, by earphones, with a lag of
1 msec between the onsets of the two
inputs (input A leading input B). A
constant discord of eight tones is heard
for 1500 msec. At that point the first
note, Dj, is introduced by advancing
the phase of the D; component of in-
put B by 1 msec and by delaying the
phase of its counterpart in input A by
the same amount. The phase-shifting
process is not instantaneous, but occurs
over a 45-msec duration. The first note
is sustained by maintaining the new
phase relation until 900 msec have
elapsed after the initiation of the phase
shift, at which time the phase-shifting
process is reversed (again taking 45
msec) until the two corresponding sine
waves resume their original phase re-
lationship. The offset phase-shifting of
D; completely overlaps with the onset
of the subsequent note, B,. Subsequent
notes in the tune are introduced and
removed in the same fashion. The dura-
tion of each note is from 112.5 msec
for an eighth note to 1800 msec for a
double-whole note. The duration of the
entire sequence is approximately 24
seconds. A spectral segment of it is
represented in the top panel of Fig. 1.

Subjectively, the melody is perceived
to occur inside the head but displaced
to one side of the midline, while a
background noise is localized to the
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opposite side (7). The notes are per-
ceived to have a sparkling onset, much
like that of a chime. Offsets, however,
are not particularly striking in any way.
When input A or input B is listened
to alone, only occasional faint pertur-
bations are audible in an otherwise
continuous noise-like signal.

All these observations were con-
firmed by 24 subjects in two experi-
mental conditions. In the dichotic con-
dition, where input A was presented
to one ear and input B to the other, all
subjects reported hearing a clear se-
quence of tones embedded in noise.
Only a few failed to recognize the
tune (8). In the diotic condition, on
the other hand, where one input was
presented alone to both ears, no sub-
ject reported hearing individual tones,
let alone the melody. '

The analogies between the preceding
demonstration and Julesz’ stereograms
are fairly straightforward: interaural
phase differences correspond to inter-
ocular disparities, auditory localization
corresponds to visual depth perception,
and melodic contour corresponds to
visual form. '

In the second demonstration, how-
ever, the analogies are less obvious:
this cyclotean “Daisy” is generated by
binaural beats (9). Here, the demon-
stration begins with the presentation of
the basic stimulus to both ears, but
with all components of input A 180
degrees out of phase with the corre-
sponding components of input B. A
discord of eight tones is heard for 1200
msec. Then Dy is introduced by increas-
ing the frequency of the D5 component
in input A by 5 hertz and decreasing the
frequency of its counterpart in input B
by the same amount. Frequency shifts
are instantaneous (within a range of
=+ 250 usec.in accuracy). The first note
is perceived to have the pitch of the
original Dy around which binaural beats
of 10 hertz occur. Dy is sustained for
800 msec, at which point the frequency
shift is instantaneously reversed and the
two corresponding sine waves resume
their original phase and frequency rela-
tionships. The second note, By, is intro-
duced by the same process at the offset
of Dj, and all subsequent notes follow
the same pattern. Each note is between
100 and 1600 msec in duration, thus
embracing 1 to 16 beats. The duration
of this second demonstration is approxi-
mately 22 seconds. A spectral segment
of it is represented in the lower panel
of Fig. 1.
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Subjectively, the melody is again per-
ceived to occur inside the head. It is
not perceived to be localized differently
from the background, and yet it does
stand out as figure against ground.
Beats are not always perceptible, and
when they are, they do not appear to
be part of the figure or ground but
rather a disembodied roughness. Aside
from the beats and localization, the
new “Daisy” sounds similar to the first,
but perceptually more prominent.
Again, inputs A and B are not suffi-
cient by themselves to yield the percept.
Occasional beats are audible in a single
stimulus but these are due to monaural
beats where adjacent sine waves are
frequency shifted to within 15 hertz of
one another. '

These observations were confirmed

by a group of 12 subjects. Dichotically,
all subjects heard and identified the
melody, whereas diotically, none heard
any notes. After listening to the first
and second demonstrations, most agreed
that the second rendition was perceptu-
ally more compelling.

Although from the point of view of
auditory theory the first demonstration
is intimately related to the domain of
masking level difference (MLD), it
deals with a qualitatively different phe-
nomenon. Whereas MLD is investi-
gated with stimuli that are barely de-
tectable monaurally and better detected
binaurally, this cyclotean effect deals
with the binaural segregation of audi-
tory figure from ground, where no fig-
ure can be perceived monaurally. We do
not know, however, what the relation
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Fig. 1. Schematic spectrograms of the four highest-frequency sine waves in the basic
stimuli during that portion of “Daisy” corresponding to the lyric “upon the seat of a
bicycle built for two.” The frequencies of opposite-ear stimuli are superimposed. The
top panel shows that in the first demonstration phase-shifting of opposite-ear stimuli
was realized in terms of frequency changes. Since it is not possible to effect a change
in phase without also temporarily changing pitch, pitch excursions were necessary.
They were realized in raised and lowered cosine functions with maximal increase and
decrease of 4.4 percent. The lower panel shows how frequency shifts were realized
in the second demonstration for the same segment. '
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is between MLD’s and our second. dem-
onstration, since MLD’s have not been
studied with relatively fast-beating stim-
uli and it is not known whether they
can produce unmasking. Egan (10)
has used slowly beating stimuli to dem-
onstrate MLD’s, exploiting the principle
that stimuli which differ slightly in fre-
quency can be conceived of as stimuli
with identical frequencies but with con-
stantly changing phase relations. In his
demonstration a signal is heard to fade
in and out of noise with the beat fre-
quency. No such fading occurs in our
second demonstration. In addition, it
should be noted that no cyclopean
(visual) analog has yet been generated
1. '

It can be argued that both demon-
strations are “weakly cyelotean” ‘ac-
cording to the Julesz definition (I, pp.
17-21): Changes are present in a single
stimulus that an instrument could detect
to determine which of the simultaneous
eight tones underwent sudden phase or
frequency shift. The ear, however, is
not such an instrument. Moreover, to
generate the strongly cyclotean stimulus
one need only shift more than one com-
ponent (preferably all eight) in phase
or in frequency, but making such
changes identical in both ears except
for the crucial melodic component.

MicHAaEL KuBovy
Department of Psychology,
Yale University,
New Haven, Connecticut 06520
JaAMESs E. CUTTING*
RoberIick Mcl. MCcGUIRE
Haskins Laboratories, New Haven,
Connecticut 06510, and Yale University

References and Notes

1. B. Julesz, Foundations of Cyclopean Percep-
tion (Univ. of Chicago Press, Chicago, 1971).

2. This neologism is constructed from Greek
roots to be analogous to the term cyclopean.
Since ops is the Greek root for eye and oto
the root for ear, we féel that cyclotean is the
proper term for this phenomenon. As yet
we have been unable to find referénce to such
a mythical beast. One reason for this may
be that the ¢yclot was a much less truculent,
and hence much less memorable, creature.

3. B. Julesz and I. J. Hirsh, in Human Com-

munication: A Unified . View, E. E. David
and P. Denes, Eds. (McGraw-Hill, New
York, 1973), pp. 283-340.

4. First reported by J. C. R. Licklider, in
Information Theory, Third London Sympo-
sium, C. Cherry, Ed. (Butterworth, London,
1956), pp. 253-368, and investigated by E. M.
Cramer and W. H. Huggins, J. Acoust. Soc.
Am. 30, 413 (1958). Subsequent reports have
been made by A. J. Fourcin, Proceedings of
the 4th International Congress of Phonetic
Sciences (Mouton, The Hague, 1962), pp. 355—
359, and by N. Guttman, J. Acoust. Soc. Am.
34, 1996(A) (1962).

5. The lowest note, D;, was 300 hz, whereas
the highest note, D, was adjusted to 601.5
hz to avoid harmomc relationships with D,.
The other six tones were left at even-
tempered frequencies since their pairwise fre-
quency ratios are all irrational.

274

6. F. S. Cooper and 1. G. Mattingly, J. Acoust.
Soc. Am. 46, 115(A) (1969); also in Haskins
Laboratories Status Report on Speech Re-
search, SR 17/18 (1969), pp. 17-21.

7. With phase shifts of 1 msec for each of the
eight sine waves, the degree to which op-
posite-ear sine waves are out of phase is not
optimal, but varies with ‘frequency. The
amount of interaural phase differences at
different frequencies should therefore result
in different perceived spatial locations. Criti-
cal listening can give rise to a spatially
varying cyclotean percept, but few listeners
can -detect it without being instructed what
to listen for and without having previously
listened to the second - demonstration.

8. One subject, for example, was a New
Zealander who reported hearing ‘“Waltzing
Matilda,” not ‘“Daisy.” We attribute this mis-
perception to his ethnocentricity and general
musical inability, not to the subjective
strength of the percept.

9. For discussions of binaural beats see J. C. R.
Licklider, J. C. Webster, and J. M. Hediun, J.

Acoust. Soc. Am. 22, 468 (1950); D. R.
Perrot and M. A. Nelson, ibid. 46, 1477
(1969); G. Oster, Sci. Am. 229, 94 (Oct.
1973).

10. J. P. Egan, J. Acoust. Soc. Am. 37, 1143
(1965).

11. Any attempt to generate such a pattern
would probably rely on previous work by
C. Blakemore [Vision Res. 10, 1181 (1970)],
who studied binocular combinations of
gratings,

12. Supported by NICHD grant HD-01994 to
the Haskins Laboratoues Parts of this report
were read at the 87th meeting of the Acous-
tical Society of America, New York, 23-26
April 1974.

* Present address: Wesleyan University, Middle-
town, Conn., and Haskins Laboratories.

12 June 1974 n

Relation between the Major Histocompatibility
(B) Locus and Autoimmune Thyroiditis in Obese Chickens

Abstract. Obese strain chickens develop circulating autoantibodies to thy-
roglobulin and lymphocytic infiltration of their thyroids during aging. Two alleles,
B? and BY, are found with high gene frequency at the major histocompatibility (B)
locus. Greater pathology and higher antibody titers are observed in BB! and

BB’ birds than in their B'B' siblings.

In chickens the B blood group locus
determines the major histocompatibility

-antigens (). The Obese strain (OS) of

White Leghorns has three alleles segre-
gating at the B locus (2). The arbitrarily
designated B! and B* alleles occur with
nearly equal gene frequency in the
population (p = 0.50, g = 0.46), while
the B3 allele occurs only rarely (r =
0.04). In mice, genes that segregate with
alleles of the major histocompatibility
(H-2) locus are known to influence the
immune response to homologous thyro-
globulin (3). More than 90 percent of
OS chickens noninbred develop thy-
roiditis during aging (4). A study was

Summary

4r Genotype Blgl Blg4 g4t
Totalno. 26 55 28

—

Thyroid pathology (mean)
N

)

Age (weeks)

Fig. 1. Thyroid pathology of chicks from
B'B* x B'B* OS matings. The fraction at
each point indicates the ratio of number
of birds with lymphocyte infiltration of
the thyroids to the total number of birds.

conducted to determine whether the B
genotype influences the susceptibility of
OS chicks to genetically determined
-autoimmune thyroiditis (5).

The chicks were obtained primarily
from three different partially inbred OS
families that were established within the
noninbred closed OS flock or R. K.
Cole at Cornell University. Chicks
from these matings were > 40 percent
inbred. Fertile eggs supplied from
Cornell University were hatched and
reared in our facilities (6). Two types
of inbred matings were used: (i) het-
erozygous B1B* males mated with B1B*
females to provide' B1Bl, B1B% and B!B*
offspring in a 1 : 2 : 1 ratio and (ii) B*B¢*
homozygous matings within one family.
A few noninbred OS chicks were pro-
duced from heterozygous B1B* matings
at our laboratory. B locus antigens were
determined by hemagglutination tests
of all chicks before they were killed.
Groups of chicks were killed at either
3, 6, or 10 weeks of age.

Just before the animals were Killed, a
blood sample was taken from each, and
the serum separated and frozen. The
level of serum antibody to thyroglob-
ulin was determined by a tanned-cell
hemagglutination test (TCHT), with
human red blood cells (RBC) coated
with chicken thyroglobulin (6). The
titer was defined as the log, of the
greatest dilution producmg definite ag-
glutination. Paired thyroid lobes were
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